The Staphylococcus aureus murF gene was placed under the control of a promoter inducible by IPTG (isopropyl-␤-D-thiogalactopyranoside). It was demonstrated that murF is an essential gene; it is cotranscribed with ddlA and growth rate, level of beta-lactam antibiotic resistance, and rates of transcription of the mecA and pbpB genes paralleled the rates of transcription of murF. At suboptimal concentrations of the inducer, a UDP-linked muramyl tripeptide accumulated in the cytoplasm in parallel with the decline in the amounts of the normal pentapeptide cell wall precursor. The abnormal tripeptide component incorporated into the cell wall as a monomeric muropeptide, accompanied by a decrease in the oligomerization degree of the peptidoglycan. However, incorporation of the tripeptide into the cell wall was limited to a relatively low threshold value. Further reduction of the amounts of pentapeptide cell wall precursor caused a gradual decrease in the cellular amounts of peptidoglycan, the production of a thinner peripheral cell wall, aberrant septae, and an overall increase in the diameter of the cells. The observations suggest that the role of murF exceeds its primary function in peptidoglycan biosynthesis and may also be involved in the control of cell division.
The cell wall of Staphylococcus aureus contains a highly cross-linked peptidoglycan in which most of the muropeptide units have pentaglycine branches attached to the aminogroup of the lysine residue, and virtually all monomeric and acceptor muropeptides carry a carboxy-terminal D-alanyl-D-alanine residue (3) . The biosynthesis and attachment of this dipeptide is catalyzed by the protein product of the genes ddlA and murF, with the first, DdlA, producing the dipeptide and the second, MurF, attaching the dipeptide to the UDP-N-acetylmuramic acid (MurNAc)-tripeptide, thus completing the formation of the peptidoglycan building block, the UDP-linked MurNAcpentapeptide.
The D-alanyl-D-alanine C-terminal residues of the peptidoglycan precursor unit are essential for important reactions which take place at the cell wall level such as peptide crosslinking, recognition by penicillin-binding proteins (PBPs) or recognition by the glycopeptide class of antibiotics (1, 2) . The study of a murF insertion mutant (27) has allowed this gene to be added to the extensive list of auxiliary genes that are essential for the optimal expression of methicillin resistance in Staphylococcus aureus (4, 5) .
MurF and its biochemical function are unique to bacteria; thus, such an enzyme is a potential antimicrobial target. Compounds with specific inhibitory action against MurF have been developed, but so far none with in vivo antibacterial activity has been described (9) .
The purpose of the study described here was to construct a conditional mutant of murF and use it for the exploration of the physiological role of this determinant in growth, cell wall synthesis, and antibiotic susceptibility of S. aureus. size, 250 by 4.6 mm; pore size, 120 Å) and the following linear elution gradient: 5% to 30% methanol in 100 mM sodium phosphate buffer, pH 2.5, at a flow rate of 0.5 ml/min. The sample absorbance was assayed at a wavelength of 254 nm.
Electron microscopy. Strain COL was grown in TSB, and COLspacmurF was grown in TSB supplemented with IPTG at the following concentrations: 0, 2.5, 5.0, 7.5, 10, and 100 M. When grown in the presence of IPTG, glutaraldehydeCaCo was added to the cultures at an OD 620 of 0.7 to a final concentration of 2.5% glutaraldehyde-0.1 M CaCo. In the absence of inducer, COLspacmurF culture does not reach an OD value of 0.7; hence, glutaraldehyde-CaCo was added to a 10 times superior volume of culture when the OD 620 value reached 0.07. The cultures were kept overnight at 4°C and then harvested by gentle centrifugation. The hard pellets obtained were covered by a small volume of a 2.5% glutaraldehyde-0.1 M CaCo. Preparation of the blocks, ultrathin sectioning, and electron micrography were performed at the Bio-Imaging Resource Center of The Rockefeller University.
RESULTS

Construction of murF conditional mutant.
A 767-bp murF N-terminal fragment which does not contain the promoter region but includes the ribosome-binding site and the first 251 codons was cloned into the suicide vector pMGPI (26) . The plasmid has inserted into the chromosomal DNA of RN4220 strain by Campbell-type recombination, resulting in a partial duplication of the murF gene in the chromosome, as shown in Fig. 1 . The complete functional copy of the gene was now located immediately downstream from the inducible promoter Pspac. The second copy of murF was truncated at its C terminus by plasmid pRS10 integration and included only the first 251 codons of the 452 murF codons. The correct recombinational event was confirmed by Southern blotting, using an internal probe for murF (data not shown) and by PCR, using combinations of primers internal to murF and primers for lacI and Pspac ( Fig. 2A) . In both cases, fragments of the expected size were obtained (Fig. 2B) . In this way, it was verified that the complete copy of the murF gene was placed under the control of the Pspac promoter.
The ddlA and murF genes are cotranscribed. The gene ddlA is located immediately upstream from murF in all S. aureus genomes sequenced, and both genes are transcribed in the same direction as represented in Fig. 1 . The information that the ddlA stop codon and the murF methionine codon are separated by 14 bp only, along with the fact that they encode proteins with sequential biochemical functions, strongly suggested that they were cotranscribed. Northern blotting analysis was performed independently for both genes in COL and in RN4220, using internal labeled probes for each open reading frame (ORF). A single transcript approximately 2.5 kb long was obtained for both hybridizations, which matched the size of both genes (data not shown). The cotranscription of ddlA and murF was confirmed by RT-PCR (data not shown).
Controlling murF expression. It was previously shown that the Pspac promoter is leaky in the absence of the inducer (12) . To prevent the basal transcription of murF, several copies of the repressor LacI were provided through the introduction of pMGPII (26) plasmid into the murF conditional mutant. This vector is a multicopy replicative plasmid containing the lacI gene. The PspacmurF construct and the pMGPII plasmid were subsequently transferred into strains 27S, COL, and ZOX3 by transduction, generating mutants 27SspacmurF, COLspacmurF, and ZOX3spacmurF, respectively.
The successful induction of murF gene expression in the presence of the inducer was confirmed in a COL background by Northern analysis, as shown in Fig. 3 . More than one transcript could be visualized in the Northern blot from hybridization with the murF probe. The sizes of these transcripts (1.3, 2.5, and 6.7 kb) did not correspond exactly to the expected result (except for the band with approximately 1.3 kb, which should correspond to the murF copy transcribed from the spac promoter). The presence of these three different mRNAs seemed to vary with the IPTG concentration; thus, the expres- sion of the three mRNAs seems to be under the control of the Pspac promoter. To further confirm the correct insertion of the pRS10 suicide plasmid, it was demonstrated by PCR that the 2.5-kb fragment containing the entire ddlA-murF operon could not be amplified from the mutant chromosomal DNA.
Using long-range PCR conditions, a fragment of approximately 9.0 to 9.2 kb in size was amplified corresponding to the sizes of ddlA-murF operon (2.5 kb) plus the size of the pRS10 plasmid (5.9 ϩ 0.8 ϭ 6.7 kb) ( Fig. 2) . Impact of murF on S. aureus growth. The growth of the conditional spacmurF mutant was determined in liquid medium for IPTG concentrations 0, 2.5, 5.0, 7.5, 10, and 100 M by monitoring the culture absorbance, as shown for the case of one of these conditional mutants, 27SspacmurF. In the presence of 100 M inducer, the mutant's growth curve was found to be very similar to that of the respective parental strain. This IPTG concentration was therefore considered to be the optimal inducer concentration. The growth rate of the conditional mutants varied with IPTG concentration in the medium. No growth was detectable in the absence of IPTG ( Fig. 4A and B) .
Impact of murF on ␤-lactam resistance. COLspacmurF was plated on TSA containing various IPTG concentrations (0, 2.5, 5.0, 7.5, 10, and 100 M) and was tested for effect on oxacillin resistance. The sizes of the inhibition zones varied with the concentration of IPTG (Fig. 5A) .
The conditional mutation of murF was also introduced into strain ZOX3, which is a spontaneous mutant derivative of the fully antibiotic-susceptible S. aureus strain 27S (15). ZOX3 has an increased level of resistance to ceftizoxime, a beta-lactam antibiotic with high selective affinity for S. aureus PBP2. Strain ZOX3 owes its resistance to ceftizoxime to a single point mutation in the pbpB structural gene, causing decreased affinity of PBP2 for ceftizoxime (15) . ZOX3spacmurF was plated on (Table 2) . Lanes 1, 10, and 11, 1-kb Plus DNA ladder; lanes 2 to 9, PCR products amplified using Tth DNA polymerase; lanes 12 and 13, PCR products amplified using Pfu Turbo and under long-range PCR conditions (see Materials and Methods). TSA containing 2.5, 5.0, 7.5, 10, and 100 M concentrations of IPTG and was assayed for ceftizoxime inhibition halos, using 30-g disks. For IPTG concentrations of 10 and 100 M, the size of inhibition halos was the same as that of the parental strain ZOX3. However, for lower IPTG concentrations (7.5, 5.0, and 2.5 M), resistance decreased to the level of the susceptible parental strain 27S (Fig. 5B) .
Changes in the composition of cell wall precursor pool. The cytoplasmic fraction of strains COL and COLspacmurF were isolated from cultures grown at several IPTG concentrations, and the cell wall precursor pool was purified and analyzed by HPLC.
The HPLC profiles showed that as the IPTG concentration decreased, an accumulation of UDP-linked muramyl tripeptide occurred in the cytoplasm, paralleled by the gradual reduction in the amount of UPD-linked muramyl pentapeptide (Fig. 6) . The relative accumulation values for the UDP-MurNAc-tripeptide and UDP-MurNAc-pentapeptide are listed in Table 3 .
Changes in the composition of cell wall peptidoglycan. The peptidoglycan composition of strain COLspacmurF was determined for bacteria grown in the presence of optimal (100 M) and suboptimal IPTG concentrations. The HPLC profiles of enzymatic hydrolysates of these peptidoglycans are shown in Fig. 7 . For cells grown in 100 M IPTG-supplemented medium, the peptidoglycan HPLC profile was identical to that of strain COL.
At all suboptimal IPTG concentrations, a new, abnormal, monomeric muropeptide appeared in the HPLC profile. This component was identified by mass spectrometry as the disaccharide tripeptide lacking the pentaglycine side chain (27) . The relative amounts of this muropeptide were smallest (5%) in cells grown at 10 M IPTG but remained constant (7%) for all other suboptimal concentrations of IPTG (Table 4) .
The peptidoglycan composition of ZOX3spacmurF was also determined for the same IPTG concentrations. For the suboptimal IPTG concentrations of 10, 7.5, 5.0, and 2.5 M, the disaccharide tripeptide structure appeared in the cell wall, but the incorporation level was much less than in the COL background. For instance, in bacteria grown in 10 M IPTG, the tripeptide represented 2% and, for the lower concentrations, about 3% of all muropeptides (data not shown).
Decrease in the cellular amounts of peptidoglycan. Cell walls purified from COLspacmurF grown at different concentrations of IPTG were dried and weighed, and identical (5-mg) amounts were treated with hydrofluoric acid to remove wall teichoic acids. After hydrofluoric acid treatment, the peptidoglycan preparations were dried and weighed. Cells grown in the presence of 100 ⌴ IPTG produced peptidoglycan in excess of what was found in strain COL, while all bacteria grown at suboptimal inducer concentrations contained reduced amounts of peptidoglycan (Table 4) .
Cell morphology and cell wall thickness. Mid-exponentialphase cells of strain COL and its murF conditional mutant grown with several IPTG concentrations were analyzed by electron microscopy (Fig. 8) . For each inducer concentration tested, the average cell wall thickness value was calculated, based on measurement of Ͼ100 cross-sectioned cells. The cell wall thickness values for all mutants were expressed relative to that of the parental strain COL, which was set to 100% (Table  4) . When grown in the presence of 100 M IPTG, the mutant cells showed a thicker and less sharply defined cell wall, indicating that this inducer concentration did not exactly mimic the native expression of murF, despite the unaltered antibiotic resistance, growth rate, and HPLC profile. A cell wall thickness similar to the parental cell was obtained for bacteria grown in 10 M IPTG. Mutants cultivated at suboptimal concentrations (7.5, 5.0, 2.5, and 0 M) showed a 20 to 30% reduction in cell wall thickness. In mutant cultures grown at or below 5.0 M of IPTG, several morphological abnormalities appeared in most (Ͼ90%) of the bacteria. These abnormalities included asymmetrically distributed and thickened septae, which contrasted sharply with the thinner peripheral cell wall. Some cells also showed multiple septae and hollow cells (ghost cells) with multiple vesicles in the cytoplasm. Accumulation of cellular debris in the medium (lysis) was observed in cells cultivated without IPTG. An overall increase of the cell diameter was also apparent and the appearance of the chromosomal area was also abnormal (more condensed) in many cells (Fig. 8) .
Altered transcription of mecA and pbpB genes. The expression of mecA and pbpB genes, which encode PBP2A and PBP2, respectively, was analyzed by Northern blotting. The hybridization performed with a pbpB internal probe showed two bands. In fact, pbpB gene can be transcribed either alone or together with the upstream gene recU (23) , resulting in two independent mRNAs species, the pbpB transcript (2.1 kb) and the transcript from pbpB and recU (2.9 kb). Figure 9 shows that the transcription of mecA and pbpB was reduced in COLspacmurF (Fig. 9A) grown at the suboptimal IPTG concentrations, compared to that for the parental strain COL. For IPTG concentrations of 100 M and 10 M, both transcript signal intensities were stronger than in the parental strain. In the murF conditional mutant derivatives of both 27S and ZOX3, the transcription of pbpB varied in parallel with the transcription of murF (Fig. 9B) . As an internal control, the transcription of the housekeeping gene pta (expressing phosphate acetyltransferase) was also determined at the same IPTG concentrations. No significant differences were detected (Fig. 9C) .
DISCUSSION
The MurF enzyme catalyzes a critical step in the biosynthesis of the bacterial cell wall: the addition of the C-terminal Dalanyl-D-alanine dipeptide to the cell wall precursor muropeptide. The construction of a conditional mutant of murF in the background of both methicillin-resistant S. aureus (MRSA) and methicillin-susceptible S. aureus (MSSA) strains has allowed us to explore the physiological functions of this gene in S. aureus in more detail than was possible from the study of a murF insertional mutant (27) .
S. aureus strains carrying the spacmurF construct showed an absolute dependence on the IPTG inducer for growth, confirming the essential nature of the murF gene in Staphylococcus aureus. Omission of the IPTG inducer from the medium prevented growth in both MRSA and MSSA strains, and subop- timal concentrations of IPTG caused parallel decreases in growth rate and murF expression levels. At the inducer concentration of 100 M IPTG, the growth rate and yield were indistinguishable from those of parental strains carrying the native promoters. The essentiality of the murF gene had already been reported in the gram-negative bacteria Escherichia coli through the study of temperature-sensitive mutants, which would lyse when grown at restrictive temperatures (16) . Open reading frame SACOL0054 was identified in staphylococcal cassette chromosome mec type I (11), present in strain COL. This ORF was identified as a member of the Mur ligase FIG. 6 . HPLC elution profiles of the UDP-linked muropeptide precursor pool for strains COL and COLspacmurF grown with different IPTG concentrations: 100, 10, 7.5, 5.0, and 2.5 M. All the precursor structures (1 to 5) were previously identified by mass spectrometry (27): 1, UDP-MurNAc; 2, UDP-MurNAc-Ala; 3, UDP-MurNAc-Ala-Glu-Lys; 4, UDP-MurNAc-Ala-Glu; 5, UDP-MurNAc-Ala-Glu-Lys-Ala-Ala. In COLspacmurF growing in the presence of 100 M IPTG, the relative amount of the UDP-MurNAc-pentapeptide in the cell wall precursor pool was 64.1%, virtually the same as in strain COL (64.8%) growing with its native murF promoter. There was no detectable tripeptide in the wall precursor pools of these bacteria. However, reduction of the concentration of IPTG in the growth medium caused striking changes in the composition of cell wall precursors. Decrease in the IPTG concentration from 100 to 10, 7.5, 5.0, and 2.5 M caused a stepwise decrease in the amount of pentapeptides from 64.1 to 11.1% and a parallel increase in the abnormal tripeptide component from undetectable to 59.3% (Table 3) . The progressive accumulation of tripeptide and concomitant shortage of pentapeptide precursors indicate that maintenance of normal levels of a catalytically active MurF depends on a steady expression of the murF gene. Analysis of the peptidoglycan composition of bacteria grown at different IPTG concentrations demonstrated that the tripeptides were also able to incorporate into the polymerized cell wall. However, the maximum amounts of disaccharide tripeptides in the cell wall had an upper limit, from 6.7 to 7.1% of all muropeptides in the murF mutant of MRSA strain COL and up to 2 to 3% in the MSSA strains (Table 4 ). This observation was in sharp contrast to the more extensive variations in the composition of the cell wall precursor pool, in which the relative amounts of tripeptides varied through the entire range of IPTG concentrations used.
The abnormal disaccharide tripeptides lacking the C-terminal D-alanyl-D-alanine residues cannot participate as donors in the transpeptidation reaction, but they could, in principle, serve as acceptors. However, careful examination of the HPLC profiles showed no evidence for muropeptide oligomers of such structures. Thus, the disaccharide tripeptides appearing in the cell walls of the murF mutants were only present as monomers, which must have been incorporated into the peptidoglycan through the activity of transglycosylases such as the native PBP2 or one of the monofunctional transglycosylases present in S. aureus (6, 28) .
The drastic alteration in the composition of the cell wall precursor pool in the murF mutants growing at suboptimal concentrations of IPTG presents a serious dilemma for cell wall biosynthesis. The utilization of the tripeptides appears to be limited, presumably because enrichment of the peptidoglycan in monomeric components above these threshold levels may jeopardize the structural integrity of the cell wall and is lethal for the bacteria. This suggests that the S. aureus cell requires a minimal level of peptidoglycan cross-linking, below which it is not able to grow and divide. On the other hand, the limited expression of murF also leads to a greatly diminished pool of the normal pentapeptide components. Under these conditions, the only option for the cells appears to be to produce less peptidoglycan. This was actually observed in the murF mutants growing at suboptimal IPTG concentrations: electron microscopic analysis showed a striking decrease in the thickness of peripheral cell wall, and direct determination of the yield of peptidoglycan isolated from such bacteria showed a gradual decrease in the cellular amounts of peptidoglycan, which represented about half (55%) of the dry weight of purified cell walls in the wild-type strain COL but dropped to about 34 to 36% in the mutant cells grown at suboptimal concentrations of IPTG (Table 4) .
The 100 M IPTG concentration was considered optimal for murF expression, since it allowed normal growth rate and maximum expression of beta-lactam resistance and normal composition of the cell wall precursor pool, as well as peptidoglycan. Nevertheless, to our surprise, we found that the cell walls of bacteria grown under these conditions showed profound alterations: there was significant thickening (by about 20%) of the cell wall and there was an increase in the cellular amounts of peptidoglycan as well (from 55% to 60%). These findings suggested that in bacteria growing with 100 M IPTG, the expression of murF might be increased over the level of the parental strain using its native murF promoter. Comparison of murF transcription levels confirmed this (Fig. 3) . FIG. 9 . Strains 27S, ZOX3, and COL were grown in TSB, and their respective conditional mutants were grown on TSB supplemented with the several IPTG concentrations. Samples were taken at the same OD 620 value and assayed by Northern blotting for mecA (PBP2A) (A), pbpB (PBP2) (B), and pta (C) transcription.
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At 10 M IPTG, the cell wall thickness and the peptidoglycan recovery yield were very similar to the parental values. However, the tripeptide precursor synthesis and its incorporation (5%) into the cell wall still occurred in very significant amounts. The fact that the oxacillin resistance level was visibly affected for this IPTG concentration suggests that the resistance decrease is not related to alterations in the cell wall thickness but may be related to changes in its composition and/or the composition of the cell wall precursor pool. A decrease in oxacillin resistance has frequently been observed, along with changes in the peptidoglycan composition of mutants of other cell wall-related genes, such as murE (20) , glnR/A (10, 19) , and femA and femB (13) .
The availability of the murF conditional mutants has allowed us to produce S. aureus strains in which the expression of murF depended on the concentration of the IPTG inducer added to the medium. Most interestingly, ddlA, supplying the D-alanyl-D-alanine substrate for the MurF ligase, appears to be cotranscribed with murF. This and the profound changes observed in the conditional mutants in composition of cell wall precursors, cellular amounts of peptidoglycan, and the fine structure of the cell wall indicate that the addition of the C-terminal dipeptide to the cell wall precursor represents an important control point in the peptidoglycan synthesis of S. aureus. The greatly increased thickness of septal areas in the same cells in which the thickness of the peripheral cell wall was decreased, the substantial increase in cell diameters, and the other morphological abnormalities observed in the cells with the suboptimal murF function indicate that undisturbed functioning of the ddlA-murF system is essential for normal cell division in these bacteria.
The transcriptional analysis by Northern blotting showed that mecA (PBP2A) and pbpB (PBP2) transcription is also increased in the murF conditional mutants at IPTG concentrations of 10 and 100 M, a fact that may explain the mechanism of overproduction of peptidoglycan. Altered transcription of mecA and pbpB genes has already been observed with a murF insertion mutant of strain COL (27) and was also noted with a murE conditional mutant (8) . The presence of abnormal precursors may play a role in the altered transcription rates but cannot alone account for the regulation of these transcripts, since both mecA and pbpB transcripts are overexpressed in the presence of both 100 M and 10 M IPTG.
Regarding beta-lactam resistance, the spacmurF construct was analyzed in two different backgrounds: COL, a MRSA strain with constitutive expression of the mecA gene, and ZOX3, a MSSA strain which lacks the mecA gene and which is resistant to the beta-lactam cefizoxime. It was shown that in the absence of murF, both oxacillin (in COL) and ceftizoxime (in ZOX3) resistance decreases. These results suggest that murF affects beta-lactam resistance even in the absence of the mecA gene.
The transcription of pbpB was found to parallel the decrease of murF, not only in COL but also in the MSSA strains 27S and ZOX3. Thus, the postulated coregulatory mechanism between murF and pbpB transcription must be independent of mecA.
The level of incorporation of the abnormal disaccharide tripeptide was different in the background of the MRSA strain COL (7%) compared to that in the MSSA strain ZOX3 (2 to 3%). We propose that these differences may be related to a recent observation concerning the cooperative functioning of PBP2 and PBP2A. It has been shown that in MSSA strains, PBP2 normally localizes to the division septum, where cell wall synthesis is known to take place in S. aureus (22, 24) . Pinho and colleagues have also shown that in the presence of modified precursors, specifically in the presence of tripeptide precursors accumulating in cells exposed to D-cycloserine, PBP2 loses the capacity to correctly localize at the septum and delocalizes along the peripheral cell wall. However, in an MRSA strain a functional PBP2A is able to maintain the correct localization of PBP2 at the septum, in spite of the presence of the inhibitor (25) . The higher level of incorporation of the tripeptide into the peptidoglycan of the MRSA strain COL compared to that of the MSSA strain ZOX3 may then be explained by this putative "helper" function of PBP2A, present only in the antibiotic-resistant strain COL.
